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ABSTRACT: Total body irradiation (TBI) serves as an effectively curative therapy for cancer patients and 

adversely causes long-term residual bone marrow (BM) injury with premature senescence of hematopoietic stem 

cells (HSCs), which is mediated by increased production of reactive oxygen species (ROS). In the present study, 

we investigated how the exposure time of TBI in a mouse model affects HSCs and whether the treatment of caffeic 

acid (CA), a known dietary phenolic antioxidant, has a radioprotective effect. Single (S)-TBI at a sublethal dose 

(5 Gy) caused relatively higher induction of mitochondrial ROS and senescence-related factors in HSCs than 

those in hematopoietic progenitor cells (HPCs) and Lineage-Sca-1+c-Kit+ (LSK) cells, as well as reduced 

clonogenic formation and donor cell-derived reconstituting capacity. Repetitive double (D)-TBI (two months 

after the S-TBI at a dose of 5Gy) further weakened HSPC function via mitochondrial ROS accumulation and 

senescence-associated β-galactosidase (SA-β-gal) activity. Oral administration of CA (20 mg/kg) five times before 

and once immediately after TBI ameliorated ROS generation and TBI-induced HSC senescence and its 

radioprotective effect was long lasting in S-TBI mice but not in D-TBI mice. Further, supplementation of CA also 

induced apoptotic cell death of colon cancer cells. Collectively, these findings indicate that CA has a dual effect, 

ameliorating HSC senescence-accompanied long-term BM injury in S-TBI mice and stimulating apoptotic cell 

death of colon cancer cells.    
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Although moderate or high doses of TBI are administered 

to cancer patients for treatment, this treatment causes 

acute myelosuppression and long-term residual BM injury 

with senescence of HSCs [1,2]. BM damage caused by 

TBI is reported to initiate from the immediate generation 

of reactive oxygen species (ROS) in HSCs and these 

initially generated ROS remain in the HSCs, inducing 

HSC senescence and inhibiting self-renewal capacity, 

which mediates long-term BM injury [3-5]. The 

prevention of bone marrow injury mediated by ROS in 
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moderate or high-doses of TBI-exposed cancer patients is 

clinically needed to remove the occurrence of secondary 

adverse events. In line with this, antioxidant drugs have 

been studied as a way of treating TBI-induced BM injury 

[6]. However, the antioxidant effects of metformin and 

resveratrol in preventing BM injury are mostly proved in 

mice that have received single TBI and bred only for a 

short period after treatment [7, 8]. Such experimental 

models do not reflect the situation of cancer patients who 

must undergo subsequent cycles of radiotherapy as the 

occasion demands and require follow-up observations, as 

accumulated radiotoxic stress results in hematopoietic 

diseases such as hypoplastic anemia, leukemia and 

lymphoma. Therefore, the application of antioxidants 

with TBI-requiring cancer patients is a proper supplement 

to limit long-term residual BM injury. For clinical 

prospective, long-term study using experimental animals 

exposed to repetitive irradiation has still obscure and need 

to be explored. In this study, we investigated whether CA, 

a hydroxycinnamic acid present in many fruits, 

vegetables, and beverages such as coffee, wine or tea [9-

11], had antioxidant effects in HSCs from mice exposed 

to single or repetitive TBI and whether treatment lasted 

long enough to limit ROS-mediated HSC senescence and 

long-term BM injury after TBI exposure. Further, the 

application of radiotherapy with an anti-cancer drug as a 

curative agent for the treatment of metastatic colon 

cancer, the anti-cancer effect of CA in the colon cancer 

cell line CT26 was also evaluated. 

 

MATERIALS AND METHODS 

 

Animals and treatment 

 

All experimental procedures were approved by the 

Animal Welfare Committee of Chonbuk National 

University. C57BL/6 female mice (6 weeks old) were 

purchased from Damul Science (Daejeon, Korea) and 

equilibrated for seven days before the experiment. During 

the experimental period, mice were housed at 22 ± 1C 

and 55 ± 5% humidity on an auto-cycling 12 h light/dark 

cycle with free access to food and water. Mice were 

exposed to 5 Gy TBI with Ɣ-rays by regulating dosage 

time that was based on the radioactive half-life of Ɣ-rays 

on a rotating platform (Model 109-85 series- JL Shepherd 

& associates, San Fernando, CA, USA). Two months after 

the first TBI, mice were again exposed to the same dose. 

CA was obtained from Sigma-Aldrich Co. LLC (St. 

Louis, MI, USA) and dissolved in 99% ethanol and 

diluted with distilled water before use. A final volume of 

200 μl CA (20 mg/kg body weight) was administered five 

times (once every three days) before and once 

immediately after TBI to mice via oral gavage 

(Supplementary Figure S1). The dose of CA for animal 

studies was determined on the basis of previous studies 

[12-14]. To measure hematopoietic cells in BM, tibias and 

femurs from mice were dissected at 2 months after TBI 

and flushed with phosphate-buffered saline (PBS). Red 

blood cells (RBCs) in the flushed BM cells were removed 

with RBC lysis buffer (Sigma-Aldrich).  

 

Cell culture 

 

Mouse colon cancer (CT-26), human liver cancer 

(HepG2) and human breast cancer (MCF-7) cells lines 

were purchased from ATCC and cultured in RPMI 1640 

and DMEM medium supplemented with 10% FBS and 

antibiotics (penicillin G and streptomycin) at 37°C in a 

humidified atmosphere of 5% CO2. 

 

Flow cytometry 

 

Numbers of hematopoietic cells derived from BM were 

analyzed by multicolor flow cytometry (BD Aria, BD 

Bioscience). These cell populations were further analyzed 

with FlowJo software for phenotypical identification. 

Hematopoietic progenitor cells (HPCs, Lin-Sca-1-c-Kit+), 

Lin-Sca-1+c-Kit+ (LSK) cells, and hematopoietic stem 

cells (HSCs, CD150+CD48-LSK) from BM were 

characterized with the following lineage markers: PE-

Cy7-conjugated anti-CD3, anti-CD4, anti-CD8, anti-

CD45R, anti-CD11b, anti-Gr-1, and anti-TER-119 (BD 

Biosciences); FITC or PE-conjugated anti-Sca-1 (BD 

Biosciences); APC-conjugated anti-c-Kit (BD 

Biosciences); PerCP/Cy5.5-conjugated anti-CD150 

(eBioscience); or APC-Cy7-conjugated anti-CD48 (BD 

Biosciences). SA-β-gal activity and mitochondrial 

superoxide anion levels were assessed using C12FDG 

(Molecular Probes) and MitoSoxTM Red (Invitrogen), 

respectively. Expression of p16INK4a was determined with 

Alexa Flour 488-conjugated antibody (Santa Cruz 

Biotechnology) after fixation and permeabilization (BD 

Bioscience).  

 

Colony-forming cell assays 

 

For colony-forming unit (CFU) assay, BM cells (2×104 

cells per dish) were cultured in 35-mm dishes with 

MethoCult® methylcellulose-based medium (MethoCult® 

GF M3434) and the number of colonies formed was 

counted using standard criteria on day 12. For pre-B 

assays, BM cells (2×105 cells per dish) were divided into 

35-mm dishes with MethoCult® methylcellulose-based 

medium (MethoCult® M3630), followed by the colony 

counting on day 7.  

 

Competitive transplantation assays 
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For donor-derived repopulating potential assays, 5×105 

BM cells from control, S-TBI, and D-TBI mice (CD45.2) 

were mixed with an equal number of cells from 

competitor mice (CD45.1) and then transplanted into 

recipient mice exposed to lethal irradiation (10 Gy). B6 × 

SJL F1 hybrid mice (CD45.1/CD45.2 double-positive) 

were used as recipients to distinguish donor-derived cells 

from host-derived cells. CD150+CD48-LSK cells (1×103) 

from BM of control or S-TBI+CA mice (CD45.2, 2 years 

old) were co-transplanted with cells from competitor mice 

(CD45.1, 5 months old) into conditioned recipient mice 

(CD45.1/2). Peripheral blood (PB) cells were collected 

from recipient mice 5 months after transplantation. The 

ratio of CD45.1/CD45.2 was estimated by flow cytometry 

using FITC- and PE-conjugated antibodies (BD 

Biosciences).  

 

Blood tests 

 

PB samples collected from cardiac puncture of mice were 

saved in Vacutainer® (BD Biosciences, Franklin Lakes, 

NJ, USA) plastic tubes coated with K2EDTA and 

measured in the Department of Laboratory Medicine of 

Chonbuk National University Hospital. To analyze levels 

of white blood cells (WBCs), RBCs, and platelets in 

samples, an automated complete blood cell counter 

(Sysmex XE-2100; TOA Medical Electronics Co., Kobe, 

Japan) was used.  

 

Measurement of intracellular ROS 

 

A stock solution of 2’, 7’-dichlorodihydrofluorescein-

diacetate (DCFH-DA) (Calbiochem, Germany) was 

prepared in DMSO and stored at -20°C in the dark. When 

CT-26 cells reached 90% confluence on 60-mm culture 

dishes, the cells were treated with CA for 24 h and 

incubated with 10 µM DCFH-DA for 30 min. The 

fluorescence of DCF was recorded at 515 nm (FL-1H) 

using a FACS Calibur® system (Becton-Dickinson, San 

Jose, CA, USA) and 10,000 events were counted per 

sample. 

 

Western blot analysis 

 

Protein lysates were prepared from CT-26 cells treated 

with CA. Protein extracts (20 µg per sample) were 

separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis on 15% gels and electroblotted onto 

polyvinylidene difluoride membranes. Blots were washed 

with a solution containing 10 mM Tris-HCl (pH 7.6), 150 

mM NaCl, and 0.05% Tween-20, blocked with 5% skim 

milk for 1 h, and then incubated with primary antibodies 

such as cleaved caspase-3 (Cell Signaling Technology, 

Danvers, MA, USA) and β-Actin (sc-47778 Santa Cruz 

Biotechnology, Santa Cruz, CA, USA). After washing, 

the membranes were incubated with horseradish 

peroxidase-conjugated goat anti-rabbit IgG or goat anti-

mouse IgG. Immunoreactive bands were visualized by 

enhanced chemiluminescence (ELPIS-Biotech, Taejeon, 

Republic of Korea) followed by exposure to X-ray film 

(Eastman Kodak, Rochester, NY, USA).  

 

Nuclear morphology assessment   

 

CT-26 cells were sub-cultured for 24 h on cover slips in 

twenty-four-well culture plates. For the observation of 

cell morphological change, the cells were treated with CA 

for 24 h, washed with ice-cold PBS, and then fixed with 

2% formaldehyde and 0.2% glutaraldehyde for 30 min. 

After washing with PBS, cell nuclei were stained with 4,6-

Diamidino-2-phenylindole dihydrochloride (DAPI, 1.5 

µg/mL) and nuclear morphology was visualized by 

fluorescence microscopy (Olympus JP/ iX71-21PH, 

Tokyo, Japan).  

 

Statistical analysis 

 

All results were expressed as the mean ± standard 

deviation (SD). One-way analysis of variance was used 

for multiple comparisons using SPSS version 16.0 

software (Chicago, IL, USA). Student’s t-test was used to 

determine significant differences; * < 0.05, ** < 0.01, *** 

< 0.001. 

 

RESULTS 

 

Repetitive TBI accumulates oxidative stress and 

promotes senescence in hematopoietic stem progenitor 

cells  

 

We compared mitochondrial ROS levels in hematopoietic 

stem progenitor cells (HSPCs) such as HPCs (Lin-Sca-1-

c-kit+ cells), Lin-Sca-1+c-Kit+ cells (LSKs) and HSCs 

(CD150+CD48-LSK cells) [15] from mice exposed to 

single (S)- or double (D)-TBI at 5 Gy, as mentioned in 

experimental schedule (Supplementary Fig. S1). HSPCs 

from S-TBI mice sacrificed 2 days after TBI exhibited a 

considerable increase in mitochondrial ROS level 

compared with cells from control mice. In particular, 

HSCs (90.0%) exhibited a higher ROS level than HPCs 

(22.2%) and LSKs (36.8%) (Fig. 1A) [5]. Although the 

initial increase in ROS was reduced in S-TBI mice 

sacrificed at 2 months compared with 2 days after TBI, 

ROS levels in HPCs, LSKs and HSCs were still higher 

than in cells from control mice. D-TBI exposure caused 

greater ROS accumulation. Further, D-TBI mice 

sacrificed 2 months after TBI showed a significantly 

higher ROS level in LSKs and HSCs than cells from 
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control and even S-TBI mice (Fig. 1A). In both S-TBI and 

D-TBI mice, HSCs retained relatively higher ROS levels 

compared to HPCs and LSK cells. These results indicate 

that TBI increases immediately and persistently the 

production of mitochondrial ROS in BM-conserved 

hematopoietic cells, of which HSCs are more vulnerable 

to TBI than HPCs and LSKs, and repetitive TBI leads to 

ROS accumulation.  

 

 
 
Figure 1. Repetitive TBI leads to the accumulation of oxidative stress and senescence of HSPCs. (A) Level of mitochondrial 

superoxide anions in HPCs, LSKs, and HSCs from BM of control (CTL), single total body irradiation (S-TBI), and double TBI (D-TBI) 

mice, assessed by multicolor flow cytometry using MitoSOX™ Red reagent at the indicated times (n = 8). (B) HSPCs from BM of 

control, S-TBI and D-TBI mice were phenotypically characterized and counted by flow cytometry (n = 8). Results were obtained from 

mice that were sacrificed 2 months after TBI exposure. (C) Senescence-associated β-galactosidase (SA-β-gal) activity was measured 

with C12FDG, a galactosidase substrate (n = 8). (D) For long-term competitive reconstituting potential assays, BM cells (5×105) from 

control, S-TBI, and D-TBI mice (CD45.2) were co-transplanted with an equal number of BM cells from competitor mice (CD45.1/2) 

into lethally irradiated recipient mice (CD45.1/2, 10 Gy) (n = 7). (E) White blood cells (WBC), red blood cells (RBC) and platelets in 

the peripheral blood were measured by an automated complete blood cell counter (n = 7). All data are presented as mean ± SD. *p < 

0.05, **p <0.01 and *** p < 0.001 vs. control, determined by Student’s t-test. 

 

We next determined how repetitive TBI modulated 

HSPC numbers. The number of LSKs, but not HPCs and 

HSCs, significantly decreased after S-TBI and decreased 

further in D-TBI mice compared with control mice (Fig. 

1B). Since ROS are well known as key mediators in 

causing HSC senescence under ionizing irradiation, we 

measured SA-β-gal activity in hematopoietic cells [16]. 

Compared with S-TBI mice that had higher SA-β-gal 

activity in LSKs and HSCs than control mice, D-TBI mice 

exhibited significantly more intensified SA-β-gal activity 

(Fig. 1C). Expression of p16Ink4a, a molecule that is 

upregulated in senescent stem cells [17], was statistically 

increased in LSKs and HSCs from S-TBI and D-TBI mice 

compared with control mice. However, expression did not 

differ between S-TBI and D-TBI mice (Supplementary 

Fig. S2) [4]. CFU assays to evaluate HPC activity 

indicated that clonogenic formation was significantly 

reduced depending on the time of TBI exposure 

(Supplementary Fig. S3) [18]. To measure in vivo HSC 

activity, we performed competitive transplantation by co-

transplanting an equal number of BM cells (5×105) from 

control, S-TBI, or D-TBI mice (CD45.2) and cells from 

competitor mice (CD45.1) into lethally irradiated 

recipient mice (CD45.1/2, Fig. 1D). Compared with 

control BM cells, S-TBI BM cells had inferior 

reconstituting activity in the peripheral blood (PB) of 

recipients and D-TBI BM cells had less activity than S-

TBI BM cells (Fig. 1D). The numbers of circulating 
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WBCs, RBCs and platelets were found to be statistically 

reduced in D-TBI, but not S-TBI mice, when compared 

with control mice (Fig. 1E). Taken together, these 

findings suggest that repetitive TBI irreversibly results in 

the accumulation of radiotoxic stress, as well as 

senescence in HSPCs, leading to greater defects in their 

function.   

 

Oral administration of CA has the ability to completely 

prevent HSC senescence-accompanied long-term BM 

injury in S-TBI mice by modulating ROS generation 

 

To determine whether the suppression of TBI-mediated 

ROS limits the progress of HSC senescence, we 

administered CA, a known dietary phenolic antioxidant, 

to mice for the indicated periods (Supplementary Fig. S1) 

[19]. Not only CA-treated S-TBI mice, but also CA-

treated D-TBI mice exhibited significantly ameliorated 

ROS levels and SA-β-gal activity in HSCs compared to 

corresponding non-treated mice at 2 months after TBI. 

Both the levels even recovered to the basal levels of 

control mice (Figs. 2A and B). However, the inhibitory 

potentials of supplemental CA on ROS accumulation and 

senescence induction in HSCs were diminished in D-TBI 

mice sacrificed 4 months after TBI. ROS levels and SA-

β-gal activity began to significantly increase again in CA-

treated D-TBI mice but not CA-treated S-TBI mice 

compared to control mice (Figs. 2A and B). To assess in 

vivo HSC activity in CA-treated TBI mice that were 

sacrificed 4 months after the exposure, we co-transplanted 

equal numbers (1×103) of CD150+CD48-LSK cells from 

control, S-TBI, CA-treated S-TBI, D-TBI or CA-treated 

D-TBI mice (CD45.2) and competitor mice (CD45.1) into 

conditioned recipient mice (CD45.1/2). The low 

repopulating ability of S-TBI mice-derived HSCs in the 

recipient mice was undoubtedly improved by 

transplanting CA-treated S-TBI mice-derived HSCs up to 

the control mice-derived HSCs’ basal level (Fig. 2C). CA-

treated D-TBI mice-derived HSCs also had enhanced 

reconstituting capacity compared with non-treated D-TBI 

mice-derived counterparts but did not show the similar 

potential to control mice-derived counterparts (Fig. 2C). 

Taken as a whole, our findings suggest that the treatment 

of supplemental CA is effective for limiting TBI-induced 

ROS generation and for maintaining HSC function by 

inhibiting HSC senescence, the effects of which are 

consistent or transient depending on the exposure time of 

TBI. 

We subsequently investigated whether the oral 

administration with CA extends survival rate of mice 

exposed to sublethal TBI. Compared with control mice 

that showed 90% survival rate until 19 months, all mice 

in S-TBI and D-TBI groups died at 16 and 12 months, 

respectively, after TBI exposure (Fig. 2D). Oral 

administration of CA extended the survival rate of S-TBI 

mice, such that CA-treated S-TBI mice retained 70% 

survival even after 24 months post-TBI. However, the 

CA-mediated radioprotective effect on survival rate was 

not found in D-TBI mice (Fig. 2D). To determine whether 

the effect of supplementary CA consistently lasts over the 

lifespan, we sought to compare HSCs between 24-month 

old control and CA-treated S-TBI mice. As shown in 

Figure 2E, the number, ROS level and SA-β-gal activity 

of HSCs all were comparable between both the mice 

groups. No significant difference in donor cell-derived 

repopulating potential was found in the conditioned 

recipients (CD45.1/2) co-transplanted with an equal 

number of CD150+CD48-LSK cells (5×102) from control 

or CA-treated S-TBI mice (CD45.2) and competitor mice 

(CD45.1) (Supplementary Fig. S4). Furthermore, CA-

treated S-TBI mice maintained similar numbers of WBCs, 

RBCs and platelets in the PB compared to corresponding 

control mice (Supplementary Fig. S5). These findings 

suggest that the radioprotective effect of supplementary 

CA consistently lasts, granting normal HSC function and 

hematopoiesis, and thereby prolonging the survival of S-

TBI mice. 

 

Supplementation of CA induces apoptotic death of colon 

cancer cells 

 

Since a delicate balance of intracellular ROS levels is 

required for regulating cancer cell function [20], we 

further examined the underlying mechanisms of how a 

direct addition of CA affects ROS levels and viability of 

colon (CT-26), liver (HepG2) and breast (MCF-7) cancer 

cells. CA treatment (0–3 mM) decreased viability of the 

cells in a dose- and time-dependent manner (Supporting 

Information Fig. S6). CA treatment induced dose-

dependent increases in the formation of cleaved-caspase 3 

and nuclear fragmentation, indicating apoptotic cell death 

(Figs. 2F and G). Specifically, CA treatment (2 mM) 

moderately increased cellular ROS accumulation 

compared with the untreated control, whereas the CA-

stimulated ROS generation was near completely inhibited 

in the cells treated together with 10 mM N-acetyl-L-

cysteine (NAC) (Fig 2H). Overall, combined treatment 

with 2 mM CA and 10 mM NAC significantly restored 

the viability that had reduced by CA treatment alone 

similar to that of the untreated control cells (data not 

shown). These results indicate that CA exerts an anti-

cancer effect on CT-26 cells by inducing apoptotic cell 

death, in which intracellular ROS levels are closely 

associated with the effect. 
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Figure 2. Supplementation of CA limits HSC senescence-accompanied long-term BM injury and improves 

survival in S-TBI mice by modulating ROS generation and induces apoptotic death of colon cancer cells. (A) 

Antioxidant effect of CA was evaluated in HSCs from BM of CA-treated mice exposed to TBI using MitoSOX™ 

Red reagent at the indicated times after TBI (n = 7). (B) Percentage of C12FDG-positive HSCs was determined by 

flow cytometry at the indicated times after TBI (n = 7). (C) For competitive transplantation experiments, equal 

numbers of CD150+CD48-LSK cells (1×103) from control, S-TBI, CA-treated S-TBI, D-TBI, and CA-treated D-

TBI (CD45.2) were co-transplanted with cells from competitor mice (CD45.1) into conditioned recipient mice 

(CD45.1/2, n = 7) that were lethally irradiated. Peripheral blood was collected from recipients at 5 months after 

transplantation and CD45.1/CD45.2 ratio was measured by flow cytometry. (D) Survival rate of mice exposed to 

TBI in combination with or without treatment of CA was measured (n = 10). (E) Number, mitochondrial ROS level 

and SA-β-gal activity of HSCs were assessed in controls and CA-treated S-TBI mice (more than 2 years old) (n = 

6). (F) CT-26 colon cancer cells were treated with CA along with NAC for 24 h (a potent reactive oxygen species 

inhibitor) and the DCF fluorescence in the cells was determined by flow cytometry. Representative data are shown 

for three independent experiments. (G) CT-26 colon cancer cells were treated with the indicated concentrations of 

CA and the level of cleaved-caspase 3 was analyzed by western blotting 24 and 48 h after incubation. A 

representative result is shown from three independent experiments. (H) CT-26 colon cancer cells were stained with 

DAPI 24 h after CA treatment, in which arrow heads indicate apoptotic death with nuclear fragmentation. 

Representative data are shown for three independent experiments. All data are presented as mean ± SD. *p < 0.05, 

**p < 0.01 and *** p < 0.001 vs. control, by Student’s t-test and one-way analysis of variance using SPSS software 

(ver.12.0) for multiple comparisons. 
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DISCUSSION 

 

Although TBI is an everlasting curative therapy, it causes 

long-term residual BM injury accompanied with ROS-

associated HSC senescence [4]. In the clinic, a large 

number of cancer patients undergo cyclic radiotherapy by 

reason of extermination or relapse of a tumor and need a 

follow-up observation during their lifetime. As such, 

using and observing an animal model that is exposed to 

repetitive IR and treated with antioxidant drugs for 

preventing IR-mediated long-term BM injury is necessary 

to better understand cellular mechanisms for clinical 

cancer treatment. This current study highlights that 

repetitive TBI results in irreversible accumulation of 

radiotoxic stress in HSCs than single TBI. This study also 

demonstrates the antioxidant and radioprotective effect of 

supplementary CA by modulating HSC senescence-

accompanied long-term BM injury and survival in S-TBI 

mice, but transiently in D-TBI mice.  

It was found that the toxicity of CA was extremely 

low and the dose not lethal in animals [14]. Similarly, the 

radio-protective and anti-cancer effects of CA were 

already known [21-25]. However, the effect of CA on 

TBI-induced BM injury and the underlying mechanisms 

have not been studied. In this current study, we found that 

CA has a protective effect on HSC senescence-

accompanied BM injury in TBI-exposed mice and has an 

anti-cancer effect in cancer cells. These findings indicate 

that supplementation of CA may improve the quality of 

life or minimize radiation-induced side effects in cancer 

patients. It seems that CA may be a clinically ideal 

candidate for use as an adjuvant in cancer therapies. 

Moreover, our in vitro studies showed that micromolar 

concentrations of CA did not induce apoptosis in cancer 

cells and required a higher concentration. Previous reports 

of anti-cancer effects of CA in other cancer cell lines used 

comparatively high concentrations of CA, consistent with 

our observations [ 23-25]. Of note, CA serves as a 

prooxidant in colon cancer cells and induces a caspase-

dependent apoptosis, and it’s radiosensitizing effect in 

colon cancer cell already identified [26]. Although, TBI is 

rarely used for the treatment of colon cancer patients, it 

could be paired with CA as an alternative to 

chemotheraphy for the treatment of metastatic cancers 

originating from the colon. For example, colon cancer 

metastasizes to the liver, lungs [27] and bone, although 

bone metastases arising from colon cancer are rare, 

accounting for about 3–5% of bone metastases [28, 29]. 

Taken together, these findings indicate that CA could 

be clinically used as a supplemental drug to autonomously 

ameliorate HSC senescence-accompanied long-term BM 

injury and to stimulate apoptotic death of cancer cells in 

patients who need radiotherapy with chemotherapy. 

Further understanding of cell autonomous and non-

autonomous mechanisms by which repetitive irradiation 

induces BM injury, as well as on the efficacy of dietary 

phenolic antioxidants in clinical applications for 

radiotherapy-required cancer patients will be needed.  
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